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Abstract
A displacement-based, geometrically nonlinear finite element model is developed for lattice core
sandwich panels modeled as 2-D equivalent single-layer (ESL), first-order shear deformation theory
(FSDT) micropolar plates. The nonlinearity is due to the moderate macrorotations of the plate
which are modeled by including the von Ka´rma´n strains in the micropolar strain measures. Weak
form Galerkin method with linear Lagrange interpolations is used to develop the displacement-
based finite element model. Selective reduced integration is used to eliminate shear locking and
membrane locking. The novel finite element model is used to study the nonlinear bending and linear
free vibrations of web-core and pyramid core sandwich panels. Clamped and free edge boundary
conditions are considered for the first time for the 2-D micropolar ESL-FSDT plate theory. The
present 2-D finite element results are in good agreement with the corresponding detailed 3-D
FE results for the lattice core sandwich panels. The 2-D element provides computationally cost-
effective solutions; in a nonlinear bending example, the number of elements required for the 2-D
micropolar plate is of the order 103, whereas for the corresponding 3-D model the order is 105.
Keywords: Micropolar plates, Constitutive modeling, Geometric nonlinearity, Lattice material,
Finite element, Nonlinear bending, Natural Frequencies
1. Introduction
The rapid growth of manufacturing technologies has enabled the design and development of
materials whose microstructure can be architected to achieve desired functionality, including high
stiffness-to-weight ratios (Fleck et al., 2010). The scale of the architected microstructure can
range from a few nanometers (Bauer et al., 2017) to several meters. Lattice materials used in
sandwich panels are a class of architected materials whose microstructure is typically in the order of
centimeters (Allen, 1969; Birman and Kardomateas, 2018). A variety of manufacturing techniques
are available for the production of sandwich panels (Karlsson and A˚stro¨m, 1997; Wadley et al.,
2003). Conventional sandwich panels consist of two face sheets and a relatively low-stiffness core
between them. The face sheets and core can be of same or different materials depending on the
functionality required (Vinson, 2001). Sandwich panels are designed so that the face sheets take
the bending loads while the core carries most of the shear loading (Johnson and Sims, 1986).
Sandwich panels have received a lot of attention because of their superior performance compared
to their monolithic counterparts made solely of either the face sheet material or the core material.
∗Corresponding author
Email address: anssi.karttunen@aalto.fi (Anssi T. Karttunen)
Preprint submitted to Elsevier
ar
X
iv
:2
00
5.
13
02
1v
1 
 [p
hy
sic
s.a
pp
-p
h]
  6
 A
pr
 20
20
For example, sandwich panels have found applications in aerospace industry (Arunkumar et al.,
2017; Cherniaev and Telichev, 2017) and marine industry (Bitzer, 1994; Mouritz et al., 2001). They
are also being used in air and underwater blast resistance structures (Fatt and Sirivolu, 2017). The
web-core and pyramid core sandwich panels considered in this paper are two regularly considered
sandwich constructions (Xie et al., 2017; Yungwirth et al., 2008). Laser-welded web-core steel
sandwich panels have found applications in shipbuilding as staircase landings and non-structural
walls (Kujala and Klanac, 2005; Roland and Metschkow, 1997) and also show good potential for
applications in bridges and buildings (Bright and Smith, 2004, 2007; Briscoe et al., 2011; Nilsson
et al., 2017).
Increase in the applications for lattice core sandwich panels has created a necessity to carry
out analytical and computational structural analyses for such panels. Because of the involved
geometry of lattice structures, in most cases analytical solutions are very difficult to achieve and
even computational methods can quickly get expensive when full geometric details of a lattice core
are considered. Hence various techniques have been developed to analyze lattice structures in an
effort to cut down the computational costs and achieve a similar level of accuracy as a complete
3-D computational analysis provides. For example, Birman and Kardomateas (2018), Carrera
and Brischetto (2009), Noor and Burton (1995) and Sayyad and Ghugal (2017) gave reviews on
various modeling techniques employed in the study of lattice structures. Vigliotti et al. (2014) and
Cohen et al. (2019) proposed modeling techniques for capturing the nonlinear response of lattice
materials. A review of equivalent single-layer theories for sandwich structures was given by Abrate
and Di Sciuva (2017).
Of the non-classical continuum mechanics theories to model lattice core sandwich panels, we
mention the strain gradient theory (Khakalo et al., 2018; Khakalo and Niiranen, 2020), the couple
stress theory (Goncalves et al., 2017), and the micropolar theory (Chowdhury and Reddy, 2019;
Karttunen et al., 2018), which is particularly well-suited for predicting the structural response
of bending-dominated lattices accurately. This may be attributed to the additional, independent
rotational degrees of freedom the micropolar theory provides. Detailed bending-dominated lattice
unit cells may be constructed using beam and shell finite elements and the micropolar theory allows
us to pass information related to both the translational and the rotational degrees of freedom of
the beam and shell elements from a detailed FE model into, for example, a 2-D ESL plate model
through a homogenization process. Recently Karttunen et al. (2019) used the micropolar theory
to model 3-D web-core sandwich panels as 2-D orthotropic equivalent-single layer first-order shear
deformation (ESL-FSDT) micropolar plates. Linear transverse deflections and free linear vibrations
of web-core lattice plate were considered by using the Navier solution for simply-supported plates.
Micropolar plate theories in the literature usually consider only linearized micropolar strains
and wryness tensor components (Eringen, 1967) where the microrotations and all the displacement
gradients are assumed to be small. While the assumption that the displacement gradients are
small is usually valid at low load intensities, the plates may exhibit nonlinear behavior as the load
intensity is increased. These nonlinear deflections are often due to the moderate macrorotations
the plate undergoes as the load increases. One way to account for the nonlinearity in micropolar
plates without compromising on simplicity or accuracy is to revert back to the way nonlinear plate
theories based on classical elasticity for moderate macrorotations are constructed. The well-known
nonlinear von Ka´rma´n strains have been used in the construction of beam and plate theories based
on non-classical continuum theories such as strain gradient theory (Ansari et al., 2012), modified
couple stress theory (Reddy and Kim, 2012) and the constrained Cosserat theory (Srinivasa and
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Reddy, 2013). Ding et al. (2016) used von Ka´rma´n nonlinearity to construct nonlinear micropolar
beam. More recently, Nampally et al. (2019) showed that von Ka´rma´n nonlinearity in micropolar
Timoshenko beam theory can accurately predict the structural response of various lattice core
sandwich beams. While some nonlinear micropolar plate theories have been proposed, for example,
by Ansari et al. (2017), these nonlinear theories do not include the type of constitutive equations
that would make them suitable for structures that involve lattice materials. In this paper, we will
use the von Ka´rma´n nonlinearity to account for the moderate macrorotations of micropolar plates
and the theory is subsequently used in the analysis of lattice core sandwich plates. With this in
mind, the aim of the present paper is two-fold:
1. To construct the first finite element model for linear and nonlinear analyses of the 2-D
micropolar ESL-FSDT plate theory used to model 3-D sandwich panels
2. To analyse, for different boundary conditions, the nonlinear bending and linear free vibrations
of web-core and pyramid core sandwich panels by using the finite elements.
There has been a considerable number of finite element formulations for micropolar elasticity in
general and micropolar plates in particular. Here we mention a few of the finite element formula-
tions in the literature. Bauer et al. (2010) constructed 3-D finite elements for the study of large
deformation in micropolar solids. Kvasov and Steinberg (2013) presented finite element model for
the bending analysis of micropolar elastic plates. Godio et al. (2015) proposed a displacement-based
finite element model for micropolar plates, Ansari et al. (2017) proposed a nonlinear finite element
model for micropolar plates where the nonlinear micropolar strains were considered. Ansari et al.
(2018) used 3-D micropolar elements to study the vibrations of micro-beams and micro-plates. To
the authors’ knowledge there has not been a geometric nonlinear finite element formulation for
micropolar plates which have been enriched with von Ka´rma´n nonlinearity to account for moder-
ate macrorotations in a relatively simple way. In this paper, we will develop a displacement-based
weak form Galerkin finite element model for such plates.
The rest of the paper is organized as follows. In Section 2, a brief review of the micropolar equiv-
alent single-layer first-order shear deformation (ESL-FSDT) plate theory for lattice core sandwich
panels is given. Nonlinear strains for moderate macrorotations are defined and corresponding gov-
erning equations are derived using Hamilton’s principle. In Section 3, the displacement-based weak
form Galerkin finite element model is formulated. The nonlinear iterative procedure is discussed
as well as the techniques used to avoid shear and membrane locking and the eigenvalue problem
formulation used for linear vibration analysis. Time-dependent problems are not considered in this
paper. However, the presented finite element model can be extended to time-dependent cases by
employing appropriate time discretization schemes. In Section 4, various nonlinear bending and
linear free vibration examples of lattice core sandwich panels are considered. The results from the
formulated 2-D plate finite element model are compared with the corresponding 3-D finite element
results. Finally, concluding remarks are given in Section 5.
2. Micropolar plate model
Here, we briefly revise the equivalent single-layer first-order shear deformation theory (ESL-
FSDT) of micropolar plates presented by Karttunen et al. (2019).
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2.1. Displacements and microrotations
The 3-D displacements and microrotations of a plate-like micropolar continuum can be approx-
imated by 2-D mid-surface kinematic variables (u0, v0, w0, φx, φy, ψx, ψy) so that
u1(x, y, z, t) = u0(x, y, t) + zφx(x, y, t)
u2(x, y, z, t) = v0(x, y, t) + zφy(x, y, t)
u3(x, y, z, t) = w0(x, y, t)
ψ1(x, y, z, t) = ψx(x, y, t)
ψ2(x, y, z, t) = ψy(x, y, t)
ψ3(x, y, z, t) = 0
(1)
where t is time, (u0, v0, w0) denote the displacements of a point on the plane z = 0, and (φx, φy)
are the rotations of a transverse normal about the y- and x-axes, respectively, whereas (ψx, ψy)
are microrotations about the x- and y-axes, respectively. Finally, the following two assumptions
are introduced here for the first-order shear deformation theory (FSDT): (1) the formulation is for
plates of constant thickness, which (2) do not possess a drilling degree of freedom [ψ3(x, y, z) = 0].
2.2. Strains
In the micropolar theory, the linearized microstrain and wryness tensors are defined as (Eringen,
2012)
εkl = ul,k + lkmψm (2)
χkl = ψl,k (3)
It follows that for the FSDT plate at hand, the nonzero strains in Cartesian coordinates are
εxx =
∂u0
∂x
+ z
∂φx
∂x
= ε0xx + zκxx, εyy =
∂v0
∂y
+ z
∂φy
∂y
= ε0yy + zκyy
εxy =
∂v0
∂x
+ z
∂φy
∂x
= ε0xy + zκxy, εyx =
∂u0
∂y
+ z
∂φx
∂y
= ε0yx + zκyx
εxz =
∂w0
∂x
+ ψy, εzx = φx − ψy
εyz =
∂w0
∂y
− ψx, εzy = φy + ψx
χxx =
∂ψx
∂x
, χyy =
∂ψy
∂y
, χxy =
∂ψy
∂x
, χyx =
∂ψx
∂y
(4)
With the inclusion of von Ka´rma´n type geometric nonlinearities (Reddy, 2015) into the vector 0
below, we write the strains in the form
0 =

ε0xx
ε0yy
ε0xy
ε0yx
 =

∂u0
∂x +
1
2
(
∂w0
∂x
)2
∂v0
∂y +
1
2
(
∂w0
∂y
)2
∂v0
∂x +
1
2
∂w0
∂x
∂w0
∂y
∂u0
∂y +
1
2
∂w0
∂x
∂w0
∂y

κ =

κxx
κyy
κxy
κyx
 =

∂φx
∂x
∂φy
∂y
∂φy
∂x
∂φx
∂y
 (5)
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Figure 1: Parameters of web-core and pyramid core unit cells made of steel and aluminium, respectively. All face
sheet edges of both cores are taken to be of equal length so that, e.g., the web-core planform area is A = l2 = 0.0144
m2. The struts (beams) in the pyramid core have rectangular cross sections.
γ =

γsx
γax
γsy
γay
 =

∂w0
∂x + φx
∂w0
∂x − φx + 2ψy
∂w0
∂y + φy
∂w0
∂y − φy − 2ψx
 χ =

χxx
χyy
χxy
χyx
 =

∂ψx
∂x
∂ψy
∂y
∂ψy
∂x
∂ψx
∂y
 (6)
where the symmetric shear strains are defined as
γsx = xz + zx =
∂w0
∂x
+ φx
γsy = yz + zy =
∂w0
∂y
+ φy
(7)
and the antisymmetric shear strains are
γax = xz − zx =
∂w0
∂x
− φx + 2ψy = 2(ψy − ω2)
γay = yz − zy =
∂w0
∂y
− φy − 2ψx = 2(ω1 − ψx)
(8)
where (ω1, ω2) are the macrorotations. The symmetric shear strains (γ
s
x, γ
s
y) take the same forms as
the shear strains in the conventional ESL-FSDT (ESL-Mindlin) plate theory founded on classical
elasticity. The antisymmetric parts are defined by the macrorotations and the microrotations.
2.3. Constitutive equations
The unit cells for the web-core and pyramid core are presented in Fig. 1. The unit cells represent
lattice materials of which the 2-D micropolar ESL-FSDT plate is made of. Two-scale, energy-based
constitutive modeling was carried out in detail by Karttunen et al. (2019) for the web-core unit
cell presented in Fig. 1. The used approach also applies to the pyramid core as such. Therefore, we
only briefly review the results of the constitutive modeling here. As the outcome of the constitutive
modeling, we have for the 2-D micropolar plate continuum
S = C (9)
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where S is the stress resultant vector and C is the constitutive matrix. The explicit matrix form
of Eq. (9) is 
N
M
Q
P
 =

A 0 0 0
0 D 0 0
0 0 G 0
0 0 0 H


0
κ
γ
χ
 (10)
where the vectors for the membrane N, global bending and twisting M, symmetric and antisym-
metric shear Q and local (couple-stress related) bending and twisting P resultants read
N = {Nxx Nyy Nxy Nyx}T
M = {Mxx Myy Mxy Myx}T
Q =
{
Qsx Q
a
x Q
s
y Q
a
y
}T
P = {Pxx Pyy Pxy Pyx}T
(11)
respectively. The submatrices for the constitutive parameters of the web-core and pyramid core in
this study are
A =

A11 A12 0 0
A12 A22 0 0
0 0 A33 A34
0 0 A34 A44
 , D =

D11 D12 0 0
D12 D22 0 0
0 0 D33 D34
0 0 D34 D44
 (12)
G =

G11 G12 0 0
G12 G22 0 0
0 0 G33 G34
0 0 G34 G44
 , H =

H11 H12 0 0
H12 H22 0 0
0 0 H33 H34
0 0 H34 H44
 (13)
The matrices include 24 constitutive parameters and are symmetric in all cases in this study.
The novel parameter values obtained for the pyramid core from the constitutive modeling process
presented by Karttunen et al. (2019) are given in Appendix B.
2.4. Variational formulation of equations of motion
The strain energy for the 2-D micropolar plate takes the form
U =
1
2
∫
Ω
TC dxdy (14)
The total kinetic energy of the plate is
K =
1
2
∫
Ω
u˙TMu˙ dxdy (15)
where
u = {u0 v0 w0 φx ψy φy ψx}T (16)
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and for the web-core and pyramid core we have (Karttunen et al., 2019)
M =

m11 0 0 0 0 0 0
0 m22 0 0 0 0 0
0 0 m33 0 0 0 0
0 0 0 m44 m45 0 0
0 0 0 m45 m55 0 0
0 0 0 0 0 m66 m67
0 0 0 0 0 m67 m77

(17)
The mass inertia coefficients of Eq. (17) for the pyramid core at hand are given in Appendix B.
For the web-core the coefficients were given in (Karttunen et al., 2019). The potential energy
contribution due to a distributed transverse load is
V = −
∫
Ω
qw0 dxdy (18)
By substituting expressions (14), (15) and (18) into Hamilton’s principle (Reddy, 2019), we have
δ
∫ T
0
[K − (U + V )] dt = 0 (19)
which we can write in the form∫ T
0
∫
Ω
(
δu˙TMu˙− δTC+ qδw0
)
dxdydt = 0 (20)
where we can use Eq. (9), that is, S = C. We arrive at the following equations of motion
(Euler–Lagrange equations) of the 2-D micropolar plate essentially by applying integration by
parts in Eq. (20)
δu0 :
∂Nxx
∂x
+
∂Nyx
∂y
= m11
∂2u0
∂t2
(21)
δv0 :
∂Nxy
∂x
+
∂Nyy
∂y
= m22
∂2v0
∂t2
(22)
δw0 :
∂(Qsx +Q
a
x)
∂x
+
∂(Qsy +Q
a
y)
∂y
+N + q0 = m33
∂2w0
∂t2
(23)
δφx :
∂Mxx
∂x
+
∂Myx
∂y
−Qsx +Qax = m44
∂2φx
∂t2
+m45
∂2ψy
∂t2
(24)
δψy :
∂Pxy
∂x
+
∂Pyy
∂y
− 2Qax = m55
∂2ψy
∂t2
+m45
∂2φx
∂t2
(25)
δφy :
∂Mxy
∂x
+
∂Myy
∂y
−Qsy +Qay = m66
∂2φy
∂t2
+m67
∂2ψx
∂t2
(26)
δψx :
∂Pxx
∂x
+
∂Pyx
∂y
+ 2Qay = m77
∂2ψx
∂t2
+m67
∂2φy
∂t2
(27)
where
N =
∂
∂x
[
Nxx
∂w0
∂x
+
1
2
(Nxy +Nyx)
∂w0
∂y
]
+
∂
∂y
[
Nyy
∂w0
∂y
+
1
2
(Nxy +Nyx)
∂w0
∂x
]
(28)
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3. Geometrically nonlinear micropolar plate finite element
3.1. Finite element formulation
In this section, we develop the weak form Galerkin finite element model for the governing
equations (21)-(27) of the 2-D micropolar ESL-FSDT plate. In the finite element formulation
the mid-surface kinematic variables (u0, v0, w0, φx, φy, ψx, ψy) are the primary variables. These
variables are approximated using linear Lagrange interpolation functions L
(J)
j (Reddy, 2019), where
(J = 1, 2, 3, 4, 5, 6, 7). Since we are using Galerkin finite element formulation, the weight functions
wi (i = 1, 2, 3, 4, 5, 6, 7) are taken to be the same Lagrange interpolation functions as used in
approximating the primary variables. Thus, we have,
u0 ≈
4∑
j=1
Uj(t)L
(1)
j (x, y), w1(x, y) = L
(1)
i (x, y)
v0 ≈
4∑
j=1
Vj(t)L
(2)
j (x, y), w2(x, y) = L
(2)
i (x, y)
w0 =
4∑
j=1
Wj(t)L
(3)
j (x, y), w3(x, y) = L
(3)
i (x, y)
φx ≈
4∑
j=1
Φxj(t)L
(4)
j (x, y), w4(x, y) = L
(4)
i (x, y)
ψy ≈
4∑
j=1
Ψyj(t)L
(5)
j (x, y), w5(x, y) = L
(5)
i (x, y)
φy ≈
4∑
j=1
Φyj(t)L
(6)
j (x, y), w6(x, y) = L
(6)
i (x, y)
ψx ≈
4∑
j=1
Ψxj(t)L
(7)
j (x, y), w7(x, y) = L
(7)
i (x, y)
(29)
Now we write the weak form equations of the micropolar plate governing equations (21)-(27) on a
typical element Ωe as
0 =
∫
Ωe
{
w1m11
∂2u0
∂t2
+
∂w1
∂x
Nxx +
∂w1
∂y
Nyx
}
dxdy −
∫
τe
w1Q1ds (30)
0 =
∫
Ωe
{
w2m22
∂2v0
∂t2
+
∂w2
∂x
Nxy +
∂w2
∂y
Nyy
}
dxdy −
∫
τe
w2Q2ds (31)
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0 =
∫
Ωe
{
w3m33
∂2w0
∂t2
+
∂w3
∂x
(Qsx +Q
a
x) +
∂w3
∂y
(
Qsy +Q
a
y
)
+
∂w3
∂x
[
Nxx
∂w0
∂x
+
1
2
(Nxy +Nyx)
∂w0
∂y
]
+
∂w3
∂y
[
Nyy
∂w0
∂y
+
1
2
(Nxy +Nyx)
∂w0
∂x
]
− w3q0
}
dxdy −
∫
τe
w3Q3ds (32)
0 =
∫
Ωe
{
w4m44
∂2φx
∂t2
+ w4m45
∂2ψy
∂t2
+
∂w4
∂x
Mxx +
∂w4
∂y
Myx + w4(Q
s
x −Qax)
}
dxdy −
∫
τe
w4Q4ds
(33)
0 =
∫
Ωe
{
w5m55
∂2ψy
∂t2
+ w5m45
∂2φx
∂t2
+
∂w5
∂x
Pxy +
∂w5
∂y
Pyy + 2w5Q
a
x
}
dxdy −
∫
τe
w5Q5ds (34)
0 =
∫
Ωe
{
w6m66
∂2φy
∂t2
+ w6m67
∂2ψx
∂t2
+
∂w6
∂x
Mxy +
∂w6
∂y
Myy + w6(Q
s
y −Qay)
}
dxdy −
∫
τe
w6Q6ds
(35)
0 =
∫
Ωe
{
w7m77
∂2ψx
∂t2
+ w7m67
∂2φy
∂t2
+
∂w7
∂x
Pxx +
∂w7
∂y
Pyx − 2w7Qay
}
dxdy −
∫
τe
w7Q7ds (36)
After using the constitutive equations (12) and (13) along with the interpolations of the primary
variables and weight functions (29) in the above equations, we have the finite element formulation
on a typical element as
M(e)U¨(e) + K(e)U(e) = F(e) (37)
where,
M(e) =

M11 M12 M13 M14 M15 M16 M17
M21 M22 M23 M24 M25 M26 M27
M31 M32 M33 M34 M35 M36 M37
M41 M42 M43 M44 M45 M46 M47
M51 M52 M53 M54 M55 M56 M57
M61 M62 M63 M64 M65 M66 M67
M71 M72 M73 M74 M75 M76 M77

(e)
(38)
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K(e) =

K11 K12 K13 K14 K15 K16 K17
K21 K22 K23 K24 K25 K26 K27
K31 K32 K33 K34 K35 K36 K37
K41 K42 K43 K44 K45 K46 K47
K51 K52 K53 K54 K55 K56 K57
K61 K62 K63 K64 K65 K66 K67
K71 K72 K73 K74 K75 K76 K77

(e)
(39)
U¨(e) =

U¨
V¨
W¨
Φ¨x
Ψ¨y
Φ¨y
Ψ¨x

(e)
U(e) =

U
V
W
Φx
Ψy
Φy
Ψx

(e)
F(e) =

F1
F2
F3
F4
F5
F6
F7

(e)
(40)
The non-zero components of the above matrices are given in Appendix A.
3.2. Solution of nonlinear equations
Although the nonlinear finite element equations (37) can be used to solve time-dependent
cases with appropriate time discretization schemes, in the present study we only consider time-
independent nonlinear cases. For the time-independent nonlinear case the finite element equations
(37) are solved using Newton’s iterative procedure (Reddy, 2015), by constructing the tangent
stiffness of a typical element at the beginning of rth iteration as
T(e)
(r)
=
[
∂R(e)
∂U(e)
](r−1)
(41)
such that
T(e)
(r)
∆Ue = −R(e)(r−1) (42)
where
R(e) = K(e)(U(e))U(e) − F(e) and ∆U(e) = U(e)(r) − U(e)(r−1)
The explicit expressions of the components of the element tangent stiffness matrix are given in
Appendix A.
After the element equations (41) have been computed, they are assembled according to the
nodal connectivity of the mesh to obtain global equations. Boundary conditions are imposed on the
global equations and subsequent equations are solved to obtain the global incremental generalized
displacement vector ∆U at the end of rth iteration. The normalized difference between solution
vectors from two consecutive iterations, measured with Euclidean norm, is computed at the end
of each iteration. If the value computed is less than a preselected tolerance ’tol’ further iterations
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are terminated and nonlinear convergence is assumed (for all the nonlinear cases considered in the
paper tol = 10−3) √
∆U ·∆U
U(r) · U(r) 6 tol
Once the nonlinear convergence is attained, the final global generalized displacement vector is
obtained using
U(r) = ∆U+ U(r−1) (43)
3.3. Natural Vibration Frequencies
In the present study we will only consider the natural frequencies of the lattice plates undergoing
linear free vibrations. The natural frequencies can be calculated by solving the eigenvalue problem
obtained by substituting U(x, y, t) = U0(x, y)e
jλt (where j =
√−1) into the assembled linear
global equations (i.e., nonlinear terms in coefficient matrices are ignored) after the imposition of
boundary conditions. Here U0 is the global mode shape corresponding to the eigenvalue λ
2. Once
the eigenvalues are obtained the natural frequencies [Hz] are calculated using
fi =
λ
2pi
It should be noted that the number of eigenvalues obtained will be equal to the number of
degrees of freedom in the problem. Thus for the convergence of higher mode shapes a finer mesh
is required compared to the lower mode shapes.
3.4. Shear and Membrane Locking
Since linear Lagrange interpolation functions are used in the approximation of all the primary
variables, the elements become excessively stiff in the thin plate limit because of spurious constraints
imposed on the bending energy due to this inconsistent interpolation, resulting in a phenomenon
known as shear locking (Hughes et al., 1978; Reddy, 2019). Consider a plate of dimensions (a · b)
being modeled by a single rectangular element. Since linear interpolations are used on both w0 and
φx, if (w01, w02, w03, w04) and (φx1, φx2, φx3, φx4) are the nodal values of w0 and φx respectively, we
have
w0 = w01
(
1− x
a
)(
1− y
b
)
+ w02
x
a
(
1− y
b
)
+ w03
x
a
y
b
+ w04
(
1− x
a
) y
b
φx = φx1
(
1− x
a
)(
1− y
b
)
+ φx2
x
a
(
1− y
b
)
+ φx3
x
a
y
b
+ φx4
(
1− x
a
) y
b
γsx =
(
w02 − w01 + aφx1
a
)
+
(
φx1 − φx2 + φx3 − φx4
ab
)
xy
+
(
φx2 − φx1
a
)
x+
(
w01 − w02 + w03 − w04 + aφx4 − aφx1
ab
)
y
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In the thin plate limit γ
(s)
x approaches zero and this only possible when the constant terms and
coefficients of x, y and xy of γ
(s)
x are all zero. That is,
w01 − w02
a
= φx1 (44)
w03 − w04
a
= φx4 (45)
φx1 = φx2, φx3 = φx4 (46)
However, Eq. (46) implies that φx is constant with respect to x and this will pose an unnecessary
restriction on bending energy which will manifest as shear locking. A similar argument can be
extended to antisymmetric shear strains as well. Various remedies have been proposed in the
literature to overcome shear locking, see, for example, Hughes et al. (1978); Zienkiewicz et al. (1971)
and Bathe (1996). In the present finite element formulation we use selective reduced integration to
overcome the shear locking. That is, we will evaluate the stiffness coefficient terms corresponding
to symmetric and antisymmetric shear strains using reduced Gauss quadrature rule (Reddy, 2019).
With the addition of von Ka´rma´n nonlinearity, bending-stretching coupling is introduced into
the plate thereby predicting membrane strain even when only bending forces are applied. But in the
cases where the membrane (axial) strains are not physically possible in the plate (example, when
all the edges are hinge-supported) the theory will still predict membrane strains. This phenomenon
is called membrane locking (Reddy, 2015). To overcome this we will use reduced integration on all
the nonlinear terms of the element coefficient matrices.
It is worth mentioning that although linear elements and consequently reduced integration
techniques are used in this paper to overcome shear and membrane locking, it is by no means
a necessity. The developed finite element equations (37) can easily be used in conjunction with
higher-order elements which can alleviate locking problems. However, higher-order elements with
equally spaced nodes are prone to oscillations near the end points of a standard interval (known as
Runge effect). This problem can be eliminated by using higher-order elements with nodes located
at Gauss-Lobatto-Legendre (GLL) points (Karniadakis and Sherwin, 1999; Payette and Reddy,
2014).
4. Numerical Results and Discussion
3-D finite element models for web-core and pyramid core sandwich panels are discussed in
Section 4.1. These FE models are built using Abaqus 2019 to provide reference solutions to which
the 2-D results can be compared.
In Section 4.2, we first study the convergence of the finite element calculations by considering
the linear static bending of a simply-supported web-core sandwich panel under line and uniformly
distributed loads. Second, the nonlinear bending of simply-supported web-core panels is investi-
gated for the same loads. Third, we consider the nonlinear bending of web-core panels that have
clamped and free edges as well.
The web-core lattice is bending-dominated, whereas the pyramid core is stretch-dominated,
meaning that the struts of the core do not essentially bend but carry only axial loads, that is,
they behave as axial rods. It has been shown earlier for lattice core beams that stretch-dominated
cores do not exhibit global nonlinear bending but rather go straight from linear bending to local
buckling where individual unit cells basically collapse near supports or point loads (Nampally et al.,
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2019). This type of local buckling behavior is not captured by the current plate model, or by any
other 2-D ESL-FSDT plate model to the best of our knowledge. In conclusion, in the case of the
pyramid core sandwich panels, we focus only the linear natural vibration frequency calculations in
this paper. The natural frequencies of both the pyramid core and web-core plate are studied in
Section 4.3.
4.1. Plate dimensions and 3-D FE reference models
For the web-core plate two different size plates will be considered; the plate planform area
is (a · b) m2 and the studied sizes are (5.4 · 3.6) m2 for bending and (1.8 · 1.2) m2 for natural
frequency calculations. The other relevant dimensions were given in Fig. 1. The corresponding
3-D FE reference model for the larger plate consists of 453600 shell elements of type S8R5 and
the smaller one contains 141000 shell elements of type S4R. A pyramid core plate of size (1 · 1)
m2 is considered in the natural frequency calculations. The corresponding 3-D FE reference model
consists of 9600 linear beam elements of type B33, 33885 quadrilateral shell elements of type S8R5
and 1002 triangular elements of type STRI65. All the 3-D FE models are convergent.
The 3-D boundary conditions are imposed in a similar manner as in classical simply-supported,
clamped and free edge 3-D solid plate problems. For simply-supported edges, for all nodes i =
1, 2, . . . , n of the shell elements on edges x = (−a/2, a/2) (see Fig. 2) we use U iz = U iy = Rotix = 0
with reference to the global coordinate system. Analogously, for all nodes on edges y = (−b/2, b/2)
we use U iz = U
i
x = Rot
i
y = 0. For clamped edges we have U
i
x = U
i
y = U
i
z = Rot
i
x = Rot
i
y = Rot
i
z = 0.
No boundary conditions are set on free edges.
4.2. Bending analysis
For the bending analysis of the 2-D micropolar ESL-FSDT plates the coordinate system is
chosen such that the center of the plate coincides with the origin as shown in Fig. 2. For the web-
core plates the webs are parallel to the y−axis. Four sets of boundary conditions are considered:
1. Simply-supported on all edges (SSSS).
2. Edges parallel to x-axis are clamped and edges parallel to y-axis are simply supported (CSCS).
3. All edges are clamped (CCCC).
4. Edges parallel to x-axis are free and edges parallel to y-axis are clamped (CFCF).
Furthermore, for each boundary condition case the plate is subjected to two different loadings,
a uniformly distributed load and a line load along the y-axis at the center of the plate. Since
the boundary and loading conditions considered here result in symmetry about x- and y-axes, we
consider only the quarter plate lying in the first quadrant as the computational domain (see Fig. 2).
For such a computational domain the considered boundary conditions after symmetry arguments
are listed in Table 1. It should be noted that for web-core plates the center web is along y-axis
and for the line load case only half of the total load intensity on the full plate is to be considered
on the computational domain. Unless stated otherwise all the loads listed in the paper are on full
plate.
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Figure 2: Choice of computational domain for the bending analysis under considered boundary and loading conditions.
Table 1: Various boundary conditions on the computational domain for bending analysis.
SSSS CSCS CCCC CFCF
y = 0 v0 = φy = ψx = 0 v0 = φy = ψx = 0 v0 = φy = ψx = 0 v0 = φy = ψx = 0
y = b/2 u0 = w0 = φx = ψy = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
Nyx = Nyy =
Q
(s)
y +Q
(a)
y = Myx =
Pyy = Myy = Pyx = 0
x = 0 u0 = φx = ψy = 0 u0 = φx = ψy = 0 u0 = φx = ψy = 0 u0 = φx = ψy = 0
x = a/2 v0 = w0 = φy = ψx = 0 v0 = w0 = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
(0, 0)
u0 = v0 = φx = ψy =
φy = ψx = 0
u0 = v0 = φx = ψy =
φy = ψx = 0
u0 = v0 = φx = ψy =
φy = ψx = 0
u0 = v0 = φx = ψy =
φy = ψx = 0
(a/2, 0) v0 = w0 = φy = ψx = 0 v0 = w0 = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
(0, b/2) u0 = w0 = φx = ψy = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
u0 = φx = ψy = 0
(a/2, b/2)
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
u0 = v0 = w0 = φx =
ψy = φy = ψx = 0
A mesh of 32 × 32 equal sized rectangular elements on the computational domain was found
to give convergent results with respect to the transverse deflection. The mesh convergence results
with respect to the linear transverse deflections of web-core lattice plates of size (5.4 · 3.6) m2 and
for various face thickness, tf , subjected to SSSS boundary conditions are given in Fig. 3. The error
in maximum transverse deflection is calculated using
∆wmax0 = 100×
(
w
max(Nav)
0 − wmax(present FE)0
w
max(Nav)
0
)
,
where w
max(Nav)
0 is the Navier solution to the 2-D micropolar ESL-FSDT plate (Karttunen et al.,
2019).
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Figure 3: Mesh convergence with respect to maximum transverse deflection wmax0 for linear analysis on quarter
domain of (5.4 · 3.6) m2 web-core plates subjected to SSSS boundary conditions. (a) Uniformly distributed load of
10000 N/m2 (b) Line load of 10000 N/m along the y−axis.
Fig. 4(a) gives a comparison between the linear transverse deflections of a (5.4 · 3.6) m2 web-
core plate having face thickness tf = 6 mm, modeled as ESL-FSDT plate based on micropolar
elasticity and ESL-FSDT plate based on classical elasticity for uniformly distributed load, while
Fig. 4(b) shows the comparison for a line load along y-axis. The linear transverse deflections are
obtained using the Navier solution (Karttunen et al., 2019; Reddy, 2006). It can be seen that for
the uniformly distributed load the two ESL theories give almost the same transverse deflections
but for the line load they deviate from each other. It was shown by Karttunen et al. (2019) that
the micropolar model predicts the transverse deflections of a line-loaded web-core plate accurately,
whereas the classical ESL-FSDT plate yielded displacement errors of 34–175% for face thicknesses
of 2–10 mm. Further, Fig. 4 also shows the comparison between the nonlinear transverse deflections
of the 3-D FE web-core plate (Abaqus) and the corresponding 2-D micropolar plate (present finite
element). It can be seen that the present finite element model is able to accurately predict the
transverse deflections in both uniformly distributed and line load cases.
To further test the reliability of micropolar ESL-FSDT plate model and the nonlinear finite
element formulation based on it, linear and nonlinear transverse deflections of a (5.4 · 3.6) m2
web-core plate having face thickness tf = 4 mm subjected to CSCS boundary conditions and
a (5.4 · 3.6) m2 web-core plate having face thickness tf = 6 mm subjected to CCCC boundary
conditions are presented in Fig. 5 for both uniformly distributed load and line load cases. Moreover,
the nonlinear results are compared with the nonlinear results obtained from the 3-D FE analysis
of these web-core plates in Abaqus. Excellent agreement between the 2-D micropolar and 3-D
reference solutions is observed.
Finally, we consider the (5.4 · 3.6) m2 web-core plate with CFCF boundary conditions. In
Fig. 6(a), web-core plates with face thicknesses tf = 6 mm and tf = 10 mm subjected to a
uniformly distributed load are considered, while in Fig. 6(b) the same plates are under a line load
along y-axis (cf. Fig. 2). The present 2-D nonlinear finite element model slightly underpredicts
the deflections at high load intensities in this case. This maybe due to the fact that Abaqus uses
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complete Green strain tensor while in the present nonlinear formulation we only considered von
Ka´rma´n nonlinear terms. Thus at very high load intensities the von Ka´rma´n nonlinearity may not
be an adequate choice for estimating the global deflections.
It is worth noting that only 1024 isoparametric linear rectangular elements based on Lagrange
interpolation functions are used on the computational domain in the 2-D micropolar bending
analysis of the (5.4 ·3.6) m2 web-core lattice plate, while the complete 3-D FE analysis uses 453600
shell elements of type S8R5 as pointed out earlier. Thus, the present finite element model is
computationally efficient in obtaining the global response of lattice plates.
Figure 4: Load vs maximum deflection of (5.4 ·3.6) m2 web-core plate (tf = 6 mm) under SSSS boundary conditions.
The linear solutions are computed using Navier solution. (a) Uniformly distributed load (b) Line load along y-axis.
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Figure 5: Load vs maximum deflections of (5.4·3.6) m2 web-core plates with tf = 4 mm subjected to CSCS boundary
conditions and tf = 6 mm subjected to CCCC boundary conditions. (a) Uniformly distributed load (a) Line load
along y-axis.
Figure 6: Load vs maximum deflections of (5.4 · 3.6) m2 web-core plates with tf = 6 mm and tf = 10 mm subjected
to CFCF boundary conditions. (a) Uniformly distributed load (b) Line load along y-axis.
4.3. Natural Vibration Frequencies
Here we will consider the free linear vibration analysis of both web-core and pyramid core lattice
plates subjected to the same boundary conditions listed for the bending analysis. But it should be
noted that the argument of symmetry cannot be used for the frequency analysis and, thus, the full
plate has to be taken as the computational domain. For the linear free vibration analysis using the
present finite element model, we ignore the nonlinear terms and consider only the linear terms in
evaluating the element coefficient matrices.
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In Figure 7, a comparison between the 3-D FE analysis and 2-D ESL-FSDT plates based on
both classical and micropolar elasticity for the lowest eight natural frequencies of a pyramid core
lattice plate of size (1.0 · 1.0) m2 subjected to SSSS boundary conditions is given. The frequencies
from ESL-FSDT micropolar plate model are obtained from the present finite element model while
the frequencies of the 2-D classical ESL-FSDT plate are obtained using the Navier solution (Kart-
tunen et al., 2019). Both ESL-FSDT plate models provide accurate estimates for the fundamental
vibration frequency f1,1. However, as the mode number increases, the ESL-FSDT plate based
on classical elasticity begins to underpredict the frequencies while the ESL-FSDT plate based on
micropolar elasticity still continues to predict the natural frequencies accurately.
Figure 7: Eight lowest natural vibration frequencies of pyramid core plate of size (1.0 · 1.0) m2 subjected to SSSS
boundary conditions. In fm,n, m refers to the number of half waves in x-direction and n gives the same for y-direction.
Figure 8: Eight lowest natural vibration frequencies of pyramid core plate of size (1.0 · 1.0) m2. (a) CSCS boundary
condition (b) all edges free (FFFF).
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Figure 9: Eight lowest natural vibration frequencies of web-core (tf = 4 mm) plate of size (1.8 · 1.2) m2. (a) CSCS
boundary condition (b) CCCC boundary condition.
A comparison between natural frequency results from 3-D FE analysis and from the present
finite element formulation of pyramid core lattice plates of size (1.0 · 1.0) m2 is given in Fig. 8
for CSCS boundary conditions and an unconstrained plate. Fig. 9 shows a comparison of 3-D FE
results and results from the present finite element formulation for a web-core lattice plate of size
(1.8·1.2) m2 having face thickness tf = 4 mm, subjected to CSCS and CCCC boundary conditions.
The 2-D and 3-D results are in good agreement and the 2-D plate provides computationally efficient
means for computing the global bending modes of both pyramid core and web-core sandwich panels.
5. Concluding remarks
In this paper, a displacement-based geometrically nonlinear finite element model for first-order
shear deformation micropolar plates was developed. Linear Lagrange interpolation functions were
used for the generalized displacement variables and appropriate reduced integration techniques
were used to overcome shear and membrane locking. The finite element model was used to analyze
the bending and free vibrations of lattice core sandwich plates. Specifically, web-core lattice plates
with various face thicknesses were considered in bending analysis while both web-core and pyramid
core lattice plates were considered in linear vibration analysis.
Combined with the discussed micropolar constitutive modeling technique for lattice materials,
the plate finite element provides efficient means to carry out global bending and vibration analyses
for lattice, or architected, core sandwich panels. The micropolar approach is beneficial especially
in the case of bending-dominated lattice cores since it considers appropriately both the translations
and rotations within 3-D microscale unit cells modeled by classical beam and shell elements when
the constitutive modeling for the 2-D macroscale polar plate is carried out. For stretch-dominated
cores the micropolar approach becomes relevant especially when a sandwich panel exhibits the
thick-face effect (Allen, 1969). That is to say, when the face sheets are comparatively thick so
that their bending and twisting with respect to their own mid-surfaces has to be accounted for by
couple stress moments, in addition to the membrane action considered through the usual (classical)
moments. Finally, we note that the development of the non-classical micropolar finite element was
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carried out using standard (classical) techniques, for example, to avoid locking phenomena. The
appearance of, for example, both symmetric and antisymmetric shear terms did not essentially
lead to any new type of numerical problems.
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Appendix A. Finite element matrix components
The non-zero components of the element stiffness matrix (39) are
K11ij =
∫
Ωe
(
A11
11Sxxij +A44
11Syyij
)
dΩ, K12ij =
∫
Ωe
(
A12
12Sxyij +A34
12Syxij
)
dΩ
K13ij =
∫
Ωe
{
A11
2
∂w0
∂x
13Sxxij +
A12
2
∂w0
∂y
13Sxyij +
(
A34 +A44
4
)(
∂w0
∂x
13Sxyij +
∂w0
∂y
13Syxij
)}
dΩ
K21ij =
∫
Ωe
(
A34
21Sxyij +A12
21Syxij
)
dΩ, K22ij =
∫
Ωe
(
A33
22Sxxij +A22
22Syyij
)
dΩ
K23ij =
∫
Ωe
{
A12
2
∂w0
∂x
23Syxij +
A22
2
∂w0
∂y
23Syyij +
(
A33 +A34
4
)(
∂w0
∂x
23Sxyij +
∂w0
∂y
23Sxxij
)}
dΩ
K31ij =
∫
Ωe
{
A11
∂w0
∂x
31Sxxij +A12
∂w0
∂y
31Syxij +
(
A34 +A44
2
)(
∂w0
∂x
31Syyij +
∂w0
∂y
31Sxyij
)}
dΩ
K32ij =
∫
Ωe
{
A12
∂w0
∂x
32Sxyij +A22
∂w0
∂y
32Syyij +
(
A33 +A34
2
)(
∂w0
∂x
32Syxij +
∂w0
∂y
32Sxxij
)}
dΩ
K33ij =
∫
Ωe
{
(G11 + 2G12 +G22)
33Sxxij + (G33 + 2G34 +G44)
33Syyij +
A11
2
(
∂w0
∂x
)2
33Sxxij
+
A22
2
(
∂w0
∂y
)2
33Syyij +
A12
4
[(
∂w0
∂x
)2
33Syyij +
(
∂w0
∂y
)2
33Sxxij +
∂w0
∂y
∂w0
∂x
(
33Sxyij +
33Syxij
)]
+
(
A33 +A34
8
)[
∂w0
∂x
∂w0
∂y
(
33Sxyij +
33Syxij
)
+
(
∂w0
∂y
)2
33Sxxij +
(
∂w0
∂x
)2
33Syyij
]
+
(
A34 +A44
8
)[
∂w0
∂x
∂w0
∂y
(
33Sxyij +
33Syxij
)
+
(
∂w0
∂x
)2
33Syyij +
(
∂w0
∂y
)2
33Sxxij
]}
dΩ
K34ij =
∫
Ωe
(G11 −G22) 34Sx0ij dΩ, K35ij = 2
∫
Ωe
(G12 +G22)
35Sx0ij dΩ
K36ij =
∫
Ωe
(G33 −G44) 36Sy0ij dΩ, K37ij = −2
∫
Ωe
(G34 +G44)
37Sy0ij dΩ
K43ij =
∫
Ωe
(G11 −G22) 43S0xij dΩ, K44ij =
∫
Ωe
(
D11
44Sxxij +D44
44Syyij + (G11 − 2G12 +G22) 44S00ij
)
dΩ
K45ij = 2
∫
Ωe
(G12 −G22) 44S00ij dΩ, K46ij =
∫
Ωe
(
D12
45Sxyij +D34
45Syxij
)
dΩ
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K53ij = 2
∫
Ωe
(G12 +G22)
53S0xij dΩ K
54
ij = 2
∫
Ωe
(G12 −G22) 54S00ij dΩ
K55ij =
∫
Ωe
(
H33
55Sxxij +H22
55Syyij + 4G22
55S00ij
)
dΩ, K57ij =
∫
Ωe
(
H34
57Sxyij +H12
57Syxij
)
dΩ
K63ij =
∫
Ωe
(G33 −G44) 63S0yij dΩ, K64ij =
∫
Ωe
(
D34
64Sxyij +D12
64Syxij
)
dΩ
K66ij =
∫
Ωe
(
D33
66Sxxij +D22
66Syyij + (G33 − 2G34 +G44) 66S00ij
)
dΩ, K67ij = 2
∫
Ωe
(G44 −G34) 67S00ij dΩ
K73ij = −2
∫
Ωe
(G34 +G44)
73S0yij dΩ, K
75
ij =
∫
Ωe
(
H12
75Sxyij +H34
∂L
(7)
i
∂y
75Syxij
)
dΩ
K76ij = 2
∫
Ωe
(G44 −G34) 76S00ij dΩ, K77ij =
∫
Ωe
(
H11
77Sxxij +H44
77Syyij + 4G44
77S00ij
)
dΩ
Simlarly the non-zero components of element mass matrix (38) are given by
M11ij =
∫
Ωe
m11
11S00ij dΩ, M
22
ij =
∫
Ωe
m22
22S00ij dΩ, M
33
ij =
∫
Ωe
m33
33S00ij dΩ, M
44
ij =
∫
Ωe
m44
44S00ij dΩ
M45ij =
∫
Ωe
m45
45S00ij dΩ, M
54
ij =
∫
Ωe
m45
54S00ij dΩ, M
55
ij =
∫
Ωe
m55
55S00ij dΩ, M
66
ij =
∫
Ωe
m66
66S00ij dΩ
M67ij =
∫
Ωe
m67
67S00ij dΩ, M
76
ij =
∫
Ωe
m67
76S00ij dΩ, M
77
ij =
∫
Ωe
m77
77S00ij dΩ
where we have used the notation
IJSabij =
∂L
(I)
i
∂a
∂L
(J)
j
∂b
, IJS0bij = L
(I)
i
∂L
(J)
j
∂b
, IJSa0ij =
∂L
(I)
i
∂a
L
(J)
j ,
IJS00ij = L
(I)
i L
(J)
j
where I, J = {1, 2, 3, 4, 5, 6, 7}, i, j = {1, 2, 3, 4} and a, b = {x, y}.
Similarly, the components of the element tangent stiffness matrix are given by
T IJij = K
IJ
ij
except for the following terms
T 13ij = 2K
13
ij , T
23
ij = 2K
23
ij
22
T 33ij = K
33
ij +
∫
Ωe
{
A11
∂u0
∂x
33Sxxij +A12
∂u0
∂x
33Syyij +
(
A34 +A44
2
)(
∂u0
∂y
33Sxyij +
∂u0
∂y
33Syxij
)}
dΩ
+
∫
Ωe
{
A12
∂v0
∂y
33Sxxij +A22
∂v0
∂y
33Syyij +
(
A33 +A34
2
)(
∂v0
∂x
33Sxyij +
∂v0
∂x
33Syxij
)}
dΩ
+
∫
Ωe
{
A11
(
∂w0
∂x
)2
33Sxxij +A22
(
∂w0
∂y
)2
33Syyij
+
(
A12 +A34
4
+
A33 +A44
8
)[(
∂w0
∂x
)2
33Syyij +
(
∂w0
∂y
)2
33Sxxij
]
+
(
A12 +A34
4
+
A33 +A44
8
)[
3
∂w0
∂y
∂w0
∂x
(
33Sxyij +
33Syxij
)]}
dΩ
Appendix B. Pyramid core parameter values
The constitutive parameters of the pyramid core presented in Fig. 1 are given in Table B.1 and
the inertia coefficients in Table B.2. The parameter values for the web-core unit cell were given in
Karttunen et al. (2019).
Table B.1: Constitutive parameters for the pyramid core presented in Fig. 1
A [MN/m] D [kN/m] G [MN/m] H [Nm]
A11 943.83 D11 294.96 G11 11.907 H11 1603.5
A12 312.24 D12 97.579 G12 9.1773 H12 18.615
A22 943.83 D22 294.96 G22 9.1770 H22 1603.5
A33 317.19 D33 99.126 G33 11.907 H33 2829.5
A34 317.19 D34 99.126 G34 9.1773 H34 -933.59
A44 317.19 D44 99.126 G44 9.1770 H44 2829.5
Table B.2: Inertia coefficients for the pyramid core presented in Fig. 1
M [kg/m2] M [kg]
m11 33.264 m44 0.0102
m22 33.264 m45 0
m33 33.264 m55 0.1715·10−3
m66 0.0102
m67 0
m77 0.1715·10−3
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